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Introduction

𝝀𝝀/𝟐𝟐

~𝟏𝟏.𝟓𝟓𝝀𝝀

What’s the common problem of reducing antenna radar 
cross section (RCS) using Metasurfaces? 

The aperture efficiency is too low!
Now, the problem to be addressed is how to realize high 

aperture efficiency and low RCS at the same time!

Taking advantage of the height of the antenna!

 The transverse dimension is usually too 

large.

 The in-band co-polarization RCS is 

hard to reduced without gain deterioration
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Introduction
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in-band RCS reduction              no
aperture efficiency                moderate

in-band RCS reduction         cross-pol
aperture efficiency                moderate

in-band RCS reduction         cross-pol
aperture efficiency                    high

in-band RCS reduction           both
aperture efficiency                    low

How to realize  both co- and cross-polarization 
RCS reduction with a high aperture efficiency?
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Antenna Design
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(a) Side view of the F-P antenna (b) Top view of the 1st layer

(c) Top view of the 2nd layer (d) Top view of the 3rd layer

Structure of the proposed antenna
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Antenna Design

Port 1
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For the case of radiation

(a) Reflection magnitudes

(b) Reflection phases

Schematic diagram of working principle

 The 2nd and 3rd layers work together as a 

partially  reflective surface (PRS) to construct 

an F-P antenna.

 When seen by the EM wave radiated 

from the microstrip antenna (MA), the PRS 

should have identical reflection characteristics 

with different sizes of the square patches.
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Antenna Design

𝜑𝜑𝑃𝑃𝑃𝑃𝑃𝑃+𝜑𝜑𝐺𝐺 −
2𝜋𝜋
𝜆𝜆

× 2𝑑𝑑1 = −2𝑁𝑁𝜋𝜋 ,𝑁𝑁 = 0, 1, 2

The F-P antenna can obtain a very high gain and aperture efficiency when 
the spacing between the substrate of the feed antenna and the PRS satisfies the 
following condition:

𝜑𝜑𝑃𝑃𝑃𝑃𝑃𝑃 : the reflection phase of the PRS
𝜑𝜑𝐺𝐺 : the reflection phases of the metallic ground
𝜀𝜀𝐴𝐴 : the relative permittivity of the substrate of the microstrip antenna and 
𝜆𝜆 : the operation wave length.

According to equation (1), the initial value of d1 is 18.5 mm, which is then 
optimized to 18 mm. 

(1)
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Antenna Design
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Offset feed antenna

 When the MA is placed at the center of the
ground plane (Xp = 0mm), the beam tilt angle 𝜽𝜽
is 𝟏𝟏°. This is because the S-parameter of the
unit cell of the PRS changes slightly with the
variation of width of the square patch.
 When the position of the MA changes in
the x-direction, the beam tilt angle 𝜃𝜃 in the xoz-
plane changes: 𝜃𝜃=2°, 1°, 0°, and -0.5° for Xp = -
7mm, 0mm, 7mm, and 14mm.

(a) xoz-plane

(b) yoz-plane

x

y
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Antenna Design

For the case of scattering

x
z

xP

PGM
Incident wave

Port 1
Port 2

 All the three layers work together as a 

phase gradient metasurface (PGM) to reflect 

the incident wave to non-threatened direction 

to realize in-band monostatic RCS reduction.

 When seen by the incident wave, the unit 

cells with different sizes of the PGM should 

have different reflection phases.

(a) Reflection magnitudes

(b) Reflection phases
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Antenna Design

How to select the reflection phases of each unit cell? 
The anomalous reflection of PGM is governed by the generalized Snell’s law [5]

sin𝜃𝜃𝑟𝑟 − sin𝜃𝜃𝑖𝑖 = 𝜆𝜆
2𝜋𝜋

d∅
d𝑥𝑥

[5]  N. Yu, P. Genevet, M. A. Kats, F. Aieta, J.-P. Tetienne, F. Capasso and Z. Gaburro, “Light propagation with phase 
discontinuities: generalized laws of reflection and refraction,” Science, vol. 334, pp. 333-337, 2011.

Does a larger reflection angle 𝜽𝜽𝒓𝒓 lead to better RCS reduction?

(2)

|𝑓𝑓𝑎𝑎| = |�
𝑖𝑖=1

8

𝑚𝑚𝑖𝑖𝑒𝑒𝑗𝑗 𝑘𝑘𝑑𝑑1𝑖𝑖 cos 𝜃𝜃+𝛽𝛽1𝑖𝑖 | (3)
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The proposed PGM can be modeled as a 1×8 reflect array 
in the x-direction. Thus, the array factor for scattering can be 
calculated as follows

𝑚𝑚𝑖𝑖 : the reflection magnitude
𝑑𝑑1𝑖𝑖 : the distance between the first element and the ith
element
𝛽𝛽1𝑖𝑖 : the phase difference between the first element and the 
ith element
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Antenna Design

i 1 2 3 4 5 6 7 8
Wm  (mm) 6.5 7.9 8.4 9.2 9.6 10.3 11.2 14

φ -215° -260° -316° -360° -405° -451° -495° -540°

The sizes and reflection phases of the ith element

Normalized array factor of the proposed PGM 
in the xz-plane

The main beam and the first pattern trough 
point to the directions of 𝜽𝜽𝒓𝒓=18° and 𝟎𝟎𝟎.
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Antenna Design

In-band bistatic RCS comparison between proposed and reference antennas at 8.4GHz for a 
normally incident EM wave with (a) x- and (b) y-polarization.

(a) (b)

𝜽𝜽𝒓𝒓=14.5° and 2° 𝜽𝜽𝒓𝒓=13.5° and -2°

The small difference between the simulated results and theoretical values 
results from the influence of the microstrip antenna!
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Results

Radiation performance of the proposed antenna

Radiation patterns of the proposed antenna in the (a) 
xoz-plane and (b) yoz-plane.

(a)

(b)

S11 and peak gains of the proposed F-P antenna

 The peak gain of 19.2dBi is obtained at 8.4 
GHz.
 The aperture efficiency is as high as 58.6% 

at 8.4 GHz.



14

Results

Monostatic RCS of the reference antenna and 
proposed antenna in the xoz-plane under the (a) φ-
polarized and (b) θ-polarized incident waves.

(a)

(b)

Monostatic RCS comparison between proposed and 
reference antennas for normally incident EM waves

Scattering performance of the proposed antenna

 The monostatic RCS is reduced from 7GHz 

to 11GHz under normally incident wave.

 Both the co- and cross-polarizarion RCS is 

reduced significantly.
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Results

Electrical size Gain/(aperture 
efficiency)

In-band co-
polarization 

RCSR

In-band cross-
polarization 

RCSR

2.3×2.3×0.58𝜆𝜆3 13.2dB/(31.4%) about 5dB about 5dB

3.7×3.7×0.73𝜆𝜆3 18.4dB/(40.2%) about 2dB 17 dB

3.67×3.67×0.62𝜆𝜆3 19.8dB(55%) 3.8dB 16.4dB

2.53×2.53×0.67𝜆𝜆3 12.3dB(20.8%) 25dB 25dB

This work 3.36×3.36×0.7𝜆𝜆3 19.2dB/(58.6%) 13.1dB 13dB

COMPARISON OF THE PERFORMANCES AMONG PREVIOUSLY REPORTED LOW-RCS F-P 
ANTENNAS AND THIS WORK
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Conclusion

 Both co- and cross-polarization monostatic RCS reduction of the proposed F-P 

antenna is achieved using the PGM structure.

 A high aperture efficiency is achieved due to the asymmetric reflection 

characteristics of the PRS.

Future work

Advantages

 Broaden the RCS reduction bandwidth.

 Enhance the angle stability of RCS reduction for oblique incident waves.
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Q＆A?
Thank you for listening
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